Claudin 3 is a protein component of the tight junction strands. Tight junctions between adjacent Sertoli cells form the bloodtestis barrier (BTB). During spermatogenesis, seminiferous stagespecific expression of claudin 3 is believed to regulate the migration of preleptotene/leptotene spermatocytes across the BTB. Here, we determined the cell types expressing claudin 3 in adult mouse testis and investigated spermatogenesis after testisspecific in vivo knockdown of claudin 3. The results of in situ hybridization revealed that claudin 3 mRNA was predominantly expressed in germ cells near the basal lamina of seminiferous tubules at stages VI-IX. Furthermore, claudin 3 protein was localized not only to the BTB but also to the cell membrane of STRA8-expressing preleptotene/leptotene spermatocytes in the testis of adult ICR.Cg-Tg(Stra8-EGFP)1Ysa/YsaRbrc mice. Although claudin 3 knockdown did not affect BTB integrity, it did cause a partial delay in spermatocyte migration across the BTB. Moreover, claudin 3 knockdown resulted in a prolonged preleptotene phase during spermatogenesis. These data indicate that the seminiferous stage-specific expression and localization of claudin 3 during spermatogenesis regulate the progression of meiosis by promoting germ cell migration across the BTB.
INTRODUCTION
In adult testes, the blood-testis barrier (BTB) is localized between adjacent Sertoli cells, and it divides the seminiferous epithelium into the adluminal and basal compartments. The principal components of the BTB are tight junction (TJ) proteins, such as the claudins, occludin (OCLN), and the zonula occludens (ZOs). Claudins and OCLN are integral membrane proteins that are localized at the TJ strands. Claudins and OCLN contain four transmembrane domains, and their N-and C-terminal ends are located in the cytoplasm. The claudin family consists of at least 24 members, and their expression pattern varies considerably among tissues [1] . ZOs interact with the C-terminal regions of claudins and OCLN and connect to actin filaments at their C-termini [2] . Recently, researchers have reported that Ocln-or claudin 11 (Cldn11)-null mice are sterile [3, 4] and that the irreversible BTB disruption by adjudin inhibits the differentiation of spermatogonia to spermatocytes [5] . Furthermore, the altered expression and localization of CLDN11 in the BTB are associated with the development of human testicular intraepithelial neoplasia [6] . Although the precise function of the BTB remains to be elucidated, these reports indicate that maintenance of BTB integrity is essential for normal spermatogenesis.
The murine spermatogenic cycle is divided into distinct stages (I-XII), with different stage-specific sets of germ cells found in the seminiferous tubules [7] . In normal adult testis, all seminiferous stages, which change sequentially along the long axis of the tubules, are observed. These characteristics contribute to the continuous sperm production over a reproductive period. During spermatogenesis, preleptotene/ leptotene spermatocytes migrate across the BTB from the basal to the adluminal compartment for further development. In rodents, the germ cell migration across the BTB occurs from late stage VIII to early stage IX [8] . Although the TJ proteins, including CLDN11, OCLN, and zonula occludens 1 (ZO1), are at the adluminal side of germ cells before their BTB migration, new TJ fibrils composed by these molecules are formed at the basal side of the preleptotene/leptotene spermatocytes in the tubules at late stage VIII [9] . Therefore, the intermediate compartment, a microenvironment sandwiched between TJ proteins from the apicobasal direction, is formed temporarily, and the old TJ fibrils at the adluminal side are considered to be degraded to accomplish the passage of germ cells. Remarkably, unlike other BTB-constructing TJ proteins, claudin 3 (CLDN3) localizes to the basal portion of seminiferous tubules only during stages VI-IX, in accordance with the emergence of the preleptotene/leptotene spermatocytes [9] . Previous studies using epithelial cells showed that CLDN3 recruits endogenous ZO1 to cell-cell contact areas [10, 11] . On the basis of these findings, temporal CLDN3 expression has been suggested to contribute to the establishment of new TJ fibrils below the preleptotene/leptotene spermatocytes during their migration from the basal to the adluminal compartment [9, 12] .
Although claudins are TJ proteins that regulate cell-cell adhesion in epithelial and endothelial cells [1] , some claudins also localize to non-TJ areas [13] [14] [15] . Interestingly, an experiment on the transplantation of spermatogonial stem cells (SSCs) into testis showed that the TJ proteins, including CLDN3, in SSCs regulate the SSC migration from the seminiferous tubular lumen to their niche on the basal lamina through the BTB [16] . Taken collectively, these findings indicate that CLDN3 plays a pivotal role in spermatocyte migration across the BTB during spermatogenesis. Indeed, Meng et al. [17] reported that CLDN3 expression was significantly reduced in the Ar invflox(exl-neo)Y ;Tg (Amh-Cre) mouse, a known model of conditional androgen insensitivity and azoospermia. Moreover, ether lipid-deficient glyceronephosphate O-acyltransferase-null mice demonstrated azoospermia and spermatogenic arrest as well as altered localization patterns and downregulation of CLDN3 [18] . However, to our knowledge no direct evidence indicates that Cldn3 ablation causes abnormal spermatogenesis.
In the present study, to determine the function of CLDN3 in spermatogenesis, we examined the cell types expressing CLDN3 in the mouse testis and evaluated the integrity of spermatogenesis after Cldn3 knockdown. Our results revealed that not only Sertoli cells that formed the BTB but also the preleptotene/leptotene spermatocytes expressed CLDN3. Moreover, Cldn3 knockdown testes showed a prolonged premeiotic phase, indicating that temporary expression of CLDN3 might regulate the meiotic progression by promoting spermatocyte migration across the BTB.
MATERIALS AND METHODS

Mice
Two-month-old C57BL/6N mice (male and female) were purchased from Japan SLC, Inc. ICR.Cg-Tg(Stra8-EGFP)1Ysa/YsaRbrc (Stra8-EGFP) mice were developed by Dr. A. Suzuki and Dr. Y. Saga, and the breeding pairs were obtained from RIKEN BioResource Center. For the construction of the Stra8-EGFP transgene, the bacterial artificial chromosome (BAC) clone (RP23-367A8) containing the full length of mouse retinoic acid gene 8 (Stra8) was used. At the end of Stra8 open reading flame in exon 9, the open reading frame of the enhanced green fluorescent protein (Egfp) gene combined with b-globin polyA signal site was inserted into RP23-367A8. This BAC clone construct containing this transgene was used for the generation of Stra8-EGFP mice. Stra8 is a gene stimulated by retinoic acid, and it controls the switch from germ cell differentiation to meiosis [19] . Because endogenous STRA8 is predominantly expressed in the preleptotene and early leptotene spermatocytes entering meiosis at stages VII and VIII [20, 21] , Stra8-EGFP mice produce the fusion protein of STRA8 and EGFP (STRA8-EGFP) at these seminiferous tubule stages under the control of Stra8 gene expression regulatory mechanisms. In the present study, 12 weeks was defined as adult age. For the analyses, mice were obtained by free breeding, maintained under specific pathogen-free conditions, and euthanized according to the Guide for the Care and Use of Laboratory Animals of Hokkaido University, Graduate School of Veterinary Medicine (approved by the Association for Assessment and Accreditation of Laboratory Animal Care International).
In Situ Hybridization Analysis
Adult C57BL/6N mice were euthanized under deep anesthesia, and the testes were fixed by intracardiac perfusion with ice-cold 4% (w/v) paraformaldehyde (PFA) in 0.1 M phosphate buffer and kept in the same fixative overnight at 48C. Then, the testes were paraffin-embedded and serial sectioned (5 lm) for periodic acid-Schiff-hematoxylin (PAS-H) staining or in situ hybridization (ISH). Complementary RNA probes for Cldn3 were synthesized in the presence of digoxigenin (DIG)-labeled uridine triphosphate using a DIG RNA Labeling Kit (Roche Diagnostics). The primer pairs used for probe synthesis are shown in Table 1 . Hybridization of probe was performed under stringent conditions as described previously [22] . After hybridization, positive signals were detected by visualization of DIG with polyclonal sheep anti-DIG Fab fragments conjugated to alkaline phosphatase (Roche Diagnostics).
Isolation of Testicular Cells
Testes were isolated from adult Stra8-EGFP mice that were euthanized by CO 2 inhalation. Then, the 2 lm tunica albuginea was removed in ice-cold Dulbecco modified Eagle medium/Ham F-12 (DMEM/F12; Life Technologies). Leydig cells and other interstitial cells were eliminated by incubating the decapsulated testes in collagenase IV (Life Technologies) solution (1 mg/ml in DMEM/F12) for 20 min at 348C with shaking at 100 oscillations/min. After being washed three times with fresh DMEM/F12, the seminiferous tubules were placed in DMEM/F12 solution containing collagenase IV (1 mg/ml) and trypsin (1 mg/ml; Life Technologies) for 15 min at 348C with shaking at 100 oscillations/min. Then, the cell mass was resuspended in 2 ml of trypsin (1 mg/ ml), and individual cells were separated by pipetting for 2 min. After being washed with fresh medium, the cell suspension was filtered using a 70-lm cell strainer (BD Biosciences), resuspended in ice-cold PBS, and used for subsequent cell sorting and immunostaining.
Cell Sorting
The EGFP-positive cell sorting was carried out on testicular cell suspension from the Stra8-EGFP mice using MoFlo XDP and Summit software (both from Beckman Coulter). Briefly, the cells were analyzed for forward scatter, side scatter, and EGFP fluorescence with an argon laser (488 nm, 100 mW). Dead cells were excluded by gating on forward and side scatter. The viable EGFPpositive cells were sorted into ice-cold PBS. Then, total RNA was extracted from purified and unpurified cells with an RNAqueous Kit (Life Technologies).
Immunocytochemical Analysis
Testicular cells isolated from Stra8-EGFP mice were fixed by 1% PFA for 15 min and rinsed with ice-cold PBS containing 10% fetal bovine serum. Blocking was performed using 2% skim milk/PBS. These cells were incubated with rabbit anti-CLDN3 antibody (1:150; Life Technologies) for 1 h at room temperature. After being washed with PBS, the cells were incubated with Alexa Fluor 546-conjugated donkey anti-rabbit immunoglobulin G antibody (1:500; Life Technologies) for 30 min at room temperature. For nuclear staining, Hoechst 33342 (1:200; Wako) was used.
Immunohistochemistry and Immunofluorescence
Mouse testes fixed by 4% PFA perfusion were used and embedded in paraffin. Then, the 2 lm paraffin-embedded testis sections were deparaffinized and hydrated. For immunohistochemistry (IHC), antigen retrieval was performed with 0.05% trypsin/0.01 M PBS (pH 7.4) for 5 min at 378C for OCLN or with buffered citrate (pH 6.0) for 15 min at 1058C for the other proteins. The samples were treated with methanol containing 0.3% H 2 O 2 to eliminate endogenous peroxidase. The sections were blocked with normal serum and then incubated with rabbit anti-CLDN3 (1:150; Life Technologies), rabbit anti-OCLN (1:100; Life Technologies), rabbit anti-STRA8 (1:2000; Abcam), goat anti-DMC1 (dosage suppressor of mck1 homolog, meiosisspecific homologous recombination; 1:500; Santa Cruz Biotechnology), or rat anti-GATA1 (GATA-binding protein 1; 1:50; Santa Cruz Biotechnology) at 48C overnight. Next, the sections were treated with the appropriate biotinconjugated secondary antibodies for 30 min at room temperature followed by treatment with the VECTASTAIN Elite ABC Reagent (Vector Laboratories) for 30 min at room temperature. The sections were incubated with 3,3 0 -diaminobenzidine tetrahydrochloride (DAB) solution containing 0.006% H 2 O 2 until the stain developed and then counterstained with hematoxylin. For histometric analyses, BZ-9000 (Keyence) was used for acquisition of digital images of each IHC section, and the immunopositive cells were counted by BZ-II Analyzer software (Keyence).
For immunofluorescence (IF) analysis, antigen retrieval was performed with Target Retrieval Solution (DakoCytomation) for 15 min at 1058C. The sections were incubated with 5% skim milk/PBS and then with primary antibodies at 48C overnight. After being washed with PBS, the sections were incubated with the appropriate fluorescein isothiocyanate-or tetramethyl CHIHARA ET AL.
rhodamine isothiocyanate-conjugated secondary antibodies for 30 min at room temperature. For nuclear staining, Hoechst 33342 (1:200) was used.
To evaluate the CLDN3-expressing cells in detail, Stra8-EGFP mouse testes fixed by 4% PFA perfusion were embedded in glycol methacrylate (Technovit 8100; Heraeus Kulzer). Then, CLDN3 IF was performed using semithin testis sections (section thickness, 0.8 lm). After being photographed under a fluorescence microscope, the sections were stained with toluidine blue (TB) and photographed under a light microscope.
RT-PCR and Quantitative Real-Time PCR
Purified total RNAs were treated with TURBO DNase (Life Technologies) for DNA digestion, and cDNAs were synthesized via RT reaction using ReverTra Ace (Toyobo) and oligo-dT (Life Technologies) or random primers (Promega). PCR reactions subsequent to RT were performed using the cDNAs, Ex Taq DNA Polymerase (Takara Bio), and the gene-specific primers (Table 1) , and the bands of gel were photographed under an ultraviolet lamp. Quantitative real-time PCR (QPCR) analysis was performed using the cDNAs, the gene-specific primers (Table 1) , Brilliant III Ultra-Fast SYBR Green QPCR Master Mix (Agilent Technologies), and a real-time thermal cycler (Mx3000P; Agilent Technologies). The mRNA expression levels of the target genes were normalized to those of glyceraldehyde-3-phosphate dehydrogenase (Gapdh).
In Vivo RNA Interference
The Cldn3 Stealth RNAi siRNA duplex (MSS273702) was obtained from Life Technologies as annealed and predesigned for in vivo siRNA (sense, GAUCACCAUCGUGGCGGGAGUGCUU; antisense, AAGCAGUCCCGC-CACGAUGGUGAUC). Stealth RNAi Negative Control Hi GC Duplex (Life Technologies) was used as control siRNA. Under anesthesia, the left and right testes of adult male C57BL/6N mice were directly injected with control and Cldn3 siRNAs (20 lM; total volume, 20 ll), respectively, using a 29-gauge needle as described previously [23] . To assess the siRNA uptake efficiency, cryosections of testes injected with BLOCK-iT Alexa Fluor red fluorescent oligo (20 lM; total volume, 20 ll; Life Technologies) or unlabeled control siRNA were photographed under a fluorescence microscope. Next, to evaluate the knockdown efficiency, mRNA and protein levels of CLDN3 in the testis were evaluated by QPCR and IHC 72 h after RNA interference (RNAi) treatment.
BTB Integrity Assay
The permeability of the BTB was evaluated using Evans blue dye as described previously [24, 25] . Briefly, Evans blue dye (960.82 Da; SigmaAldrich) was dissolved in PBS and intraperitoneally injected 24 h after RNAi treatment into adult C57BL/6N mice at 25 mg/kg body weight. Twenty-four hours after Evans blue injection, the testes were fixed by 4% PFA perfusion and embedded in paraffin. Then, the testis sections were observed under a fluorescence microscope for the localization of Evans blue dye in seminiferous tubules. Briefly, leakage of Evans blue dye to the adluminal compartment indicates disruption of the BTB.
Incorporation of 5-Bromo-2-Deoxyuridine into Germ Cells
5-Bromo-2-deoxyuridine (BrdU; Wako) was dissolved in PBS and injected intraperitoneally 24 h after RNAi treatment into adult C57BL/6N mice at 100 mg/kg body weight. The testes were removed from 4% PFA perfusion-fixed animals at 2 or 72 h after BrdU injection. To detect the BrdU-labeled germ cells, the paraffin-embedded testis sections were stained with rat anti-BrdU antibody (1:200; Abcam), biotin-conjugated secondary antibody, and VEC-TASTAIN Elite ABC Reagent. The positive reaction was developed by using DAB solution containing 0.006% H 2 O 2 .
Statistical Analysis
Statistical analysis was performed using nonparametric Mann-Whitney Utest (P , 0.05). Results are presented as the means 6 SEM.
RESULTS
Expression and Localization of Cldn3 Transcripts in the Testis of Adult Mice
To identify the cell types expressing Cldn3 mRNA, we performed ISH analysis of Cldn3 using adult C57BL/6N testes. The seminiferous stages on ISH sections were determined by the morphology of germ cells in PAS-H-stained serial sections. Diffuse Cldn3-positive signals were observed in the seminiferous tubules at all stages (Fig. 1A) , and no positive signal was detected in the sense negative control (Fig. 1C) . Notably, Cldn3-positive cells were predominantly localized to the basal portion of seminiferous tubules during stages VI-IX (Fig. 1B , see VIII and IX), and their positive signals tended to be weak at other stages (Fig. 1B , see II-III, IV, and X). This stagedependent localization of testicular Cldn3 mRNA expression was consistent with the appearance patterns of preleptotene/ leptotene spermatocytes [7, 8] .
CLDN3 Expression in STRA8-Positive Spermatocytes
On the basis of the ISH results, we hypothesized that preleptotene/leptotene spermatocytes as well as Sertoli cells express Cldn3. We used STRA8, which is predominantly expressed at stages VII and VIII [20, 21] , as a marker of preleptotene and early leptotene spermatocytes. From the testes of adult Stra8-EGFP mice, whole testicular cells were extracted ( Fig. 2A) , and STRA8-EGFP-positive cells were isolated using a cell sorter (Fig. 2B) . The results of the RT-PCR analyses showed that although the extracted whole testicular 
CLDN3 Localization in the Testis of Adult Mice
Immunohistochemical analysis of adult C57BL/6N testis showed that OCLN localized only to the BTB, and this localization was observed as a linear positive reaction at the basal part of the seminiferous tubules in all stages (Fig. 3A,  arrows) . In contrast, CLDN3-positive reactions were observed CHIHARA ET AL.
at the basal portion of the tubules at stages IV-IX, linearly surrounding preleptotene/leptotene spermatocytes (Fig. 3B,  arrowheads) . To analyze the intracellular localization of CLDN3 in spermatocytes, we performed TB staining subsequent to the IF analysis of CLDN3 in the testes of adult Stra8-EGFP mice (Fig. 3C) . STRA8-EGFP-or CLDN3-positive reactions were observed at the basal portion of seminiferous tubules (Fig. 3 , Ca and Cb, respectively). Notably, linear CLDN3-positive signals were observed around the nuclei of STRA8-EGFP-positive spermatocytes (Fig. 3Cc, arrows) and beside the basal lamina of seminiferous tubules (Fig. 3Cc, large  arrowhead) . Furthermore, the duplicated linear patterns of CLDN3-positive signals were observed beside some of the STRA8-EGFP-positive spermatocytes (Fig. 3Cc, arrow and small arrowhead beside the rightmost spermatocyte). The comparative observations of TB-stained features after the IF analysis of CLDN3 revealed that the linear pattern of CLDN3-positive signals surrounding the STRA8-EGFP-positive spermatocytes corresponded to their cell membranes (Fig. 3Cd,  arrows) . The CLDN3-positive signals in other portions corresponded to the cytoplasm or cell membrane derived from Sertoli cells (Fig. 3Cd, small and large arrowheads) .
BTB Integrity after Cldn3 Knockdown
The BTB integrity was evaluated after Cldn3 RNAi treatment in adult C57BL/6N testes. The siRNA uptake efficiency was estimated by injection of Alexa Fluor 555- 
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labeled RNA duplex (Fig. 4A) . Intense red signal was not observed in the seminiferous tubules of unlabeled control siRNA-injected testis (Fig. 4Aa) , and a weak dotted signal indicated the intrinsic fluorescence in the cytoplasm. In contrast, diffuse intense red signals in the cytoplasm were observed in the cells of both interstitium and seminiferous tubules of labeled RNA-injected testis (Fig. 4Ab) . As shown in Fig. 4B , decreased Cldn3 mRNA expression (;50% decrease compared to the control RNAi testis) was observed in the Cldn3 RNAi testis 72 h after RNAi treatment by QPCR analysis. Furthermore, the localization of GATA1, a marker of Sertoli cells during stages VII-IX [26] , and that of CLDN3 
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were examined by IHC using serial sections of RNAi-treated testes (Fig. 4C) . In the control RNAi testis, CLDN3-positive reactions were observed in the GATA1-positive tubules, indicating stages VII-IX (Fig. 4 , Ca and Cb, asterisks). On the other hand, in the Cldn3 RNAi testis, these positive reactions disappeared in some of the GATA1-positive tubules (Fig. 4 , Cc and Cd, asterisk). These results confirmed the knockdown of Cldn3 in the Cldn3 RNAi testis.
To elucidate the effect of Cldn3 knockdown on the expression of other TJ component proteins, we investigated the mRNA expression levels of Ocln, Cldn5, Cldn11, and Tjp1 72 h after RNAi treatment (Fig. 4D) . The results of the QPCR analyses showed no significant difference between control and Cldn3 RNAi testes. Then, we evaluated BTB integrity by the intraperitoneal injection of Evans blue dye after Cldn3 RNAi treatment (Fig. 4E) . In both the control and Cldn3 RNAi testes, Evans blue dye was observed in the testicular interstitium and the basal compartment of the seminiferous tubules (Fig. 4 , Ea and Eb), indicating that the BTB prevented leakage of the dye to the lumen and that BTB integrity was maintained even after Cldn3 knockdown.
Inhibition of Spermatocyte Migration Across the BTB after Cldn3 Knockdown
We investigated the spermatocyte migration across the BTB with the double IF of OCLN and DMC1, a marker of leptotene and zygotene spermatocytes, after control and Cldn3 RNAi treatment of adult C57BL/6N mouse testes (Fig. 5) . In this analysis, we focused on tubules at stages X-XI (50-60 tubule cross-sections in each testis [n ¼ 7]) just after the spermatocyte migration across the BTB. In the tubules at stage X in the control testis, OCLN-positive signals were observed at the basal side of DMC1-positive spermatocytes (Fig. 5C, arrows) . However, in some of the stage X tubules in the Cldn3 RNAi testis (51.92% 6 4.19%), OCLN-positive signals were observed at the luminal side of stratified or jammed DMC1-positive spermatocytes (Fig. 5I, arrows) . In the tubules at stage XI in both testes, OCLN-positive signals were observed only at the basal side of DMC1-positive spermatocytes (Fig. 5, F and L, arrows). These results indicated that the spermatocyte migration across the BTB would not be accomplished until after stage X because of Cldn3 knockdown.
Abnormal Spermatogenesis after Cldn3 Knockdown
We investigated the effect of Cldn3 knockdown on spermatogenesis in adult C57BL/6N mice after 72 h of RNAi treatment, focusing on the seminiferous stages before and after the passage of spermatocytes through the BTB (Fig. 6 ). In the IHC for STRA8, a marker of preleptotene and early leptotene spermatocytes, robust positive germ cells were observed in the tubules at stages VII and VIII in the control RNAi testis (Fig.  6Aa) . However, in the Cldn3 RNAi testis, these STRA8-positive germ cells were also observed in the tubules at stage IX as well as at stages VII and VIII (Fig. 6Ab) . Furthermore, germ cells positive for DMC1, a marker of leptotene and zygotene spermatocytes, were observed in the tubules at stages VIII-XII in the control RNAi testis (Fig. 6Ac) . In the Cldn3 RNAi testis, strongly DMC1-positive germ cells were also detected in the tubules at stages I-III as well as at stages VIII-XII (Fig. 6Ad) . Histometric analyses of 200-300 tubule crosssections in each testis (n ¼ 4) showed that the STRA8-positive germ cells significantly increased in the Cldn3 RNAi testis compared to the control RNAi testis, but no significant difference was observed in the number of DMC1-positive germ cells between these testes (Fig. 6B) .
We hypothesized that the increase of STRA8-positive spermatocytes in the tubules at stage IX reflected the accumulation of preleptotene/leptotene spermatocytes as a result of Cldn3 knockdown. Because premeiotic DNA replication occurred in preleptotene spermatocytes [21] , we assessed the accumulation of these cells by detecting DNA replications with the combination of BrdU and RNAi treatments in adult C57BL/6N mice (n ¼ 3 for each time point) as shown in Figure 7 . Two hours after BrdU treatment, BrdU-labeled spermatocytes were exclusively detected in the tubules at stages VII and VIII in the control RNAi testis (Fig.  7A) . In the Cldn3 RNAi testis, the BrdU-labeled spermatocytes were detected not only in the tubules at stages VII and VIII but also in the tubules at stage IX (Fig. 7B) . Although BrdUpositive cells were also detected at other stages in both the control and Cldn3 RNAi testes, these positive cells were morphologically identified as undifferentiated spermatogonia, indicating that the DNA replications were due to mitosis (Fig.  7, A and B, see I-VI and XI). Furthermore, we analyzed the cell fate of BrdU-labeled spermatocytes in the testes 72 h after BrdU treatment (Fig. 7, C and D) . In control RNAi testes, the BrdU-labeled spermatocytes were observed in the tubules at stages X-XII (Fig. 7C ). In addition, the tubules at stage I also contained BrdU-labeled spermatocytes in the Cldn3 RNAi testis (Fig. 7D) . These data strongly indicated a prolonged period of the preleptotene phase.
DISCUSSION
CLDN3 Expression in Preleptotene/Leptotene Spermatocytes
The migration of preleptotene/leptotene spermatocytes across the BTB occurs during stages VIII-IX of the seminiferous epithelial cycle in the adult mouse testis [8] ; however, the mechanisms regulating the germ cell migration across the BTB remain obscure. Our previous study showed that the CLDN3 protein localized to the BTB only during stages VI-IX and that its expression level peaked at stages VII-VIII, indicating that the timing of CLDN3 localization to the BTB corresponded to that of preleptotene/leptotene spermatocyte migration across the BTB [9] . Therefore, in the present study, we strongly predicted a crucial role of CLDN3 in the regulation of BTB function.
Several claudins are crucial components of the BTB in Sertoli cells and have a central role in its barrier functions [27] . However, in the present study, we detected Cldn3 mRNA in the basal portion along the circumference of seminiferous tubules in the ISH analysis, and some of the STRA8-expressing preleptotene/leptotene spermatocytes showed CLDN3-positive signals in IF analysis. Although germ cells lack TJs [27] , they express several TJ proteins [14, 16] . In stage VII, just before the germ cell migration across the BTB, CLDN3 is diffusely distributed in the basal region of tubules surrounding preleptotene spermatocytes rather than localizing to the BTB [9, 12] . Although CLDN3 expression in germ cells has been suggested previously [16] , the sticking structure between germ cells and Sertoli cells makes it difficult to confirm this hypothesis. Our results clearly demonstrated, to our knowledge for the first time, that spermatocytes as well as Sertoli cells express CLDN3, depending on the seminiferous epithelial cycles, but especially around the period of germ cell migration across the BTB.
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Predicted Function of CLDN3 in Spermatogenesis
In the present study, because linear CLDN3-positive signals corresponded to the cell membrane of spermatocytes, we considered a role of CLDN3 in spermatocyte migration across the BTB by regulating the cell-cell interactions. In the ovary, an organ homologous to testis, CLDN3 localizes to the surface epithelium. Interestingly, CLDN3 and claudin 4 (CLDN4) are the most highly overexpressed proteins in epithelial ovarian tumor cells [28] , and their overexpression promotes metastasis by inducing the migration and invasion of ovarian tumor cells [29] . Furthermore, in vivo Cldn3 RNAi suppressed the growth and metastasis of ovarian tumors [30] . Moreover, CLDN3 and CLDN4 have been reported to be expressed in medullary thymic epithelial cells [31] , and CLDN4 expression in CD4/ CD8 double-positive thymocytes was suggested to promote positive selection efficiency [15] . These findings indicate that some claudins could modulate cell migration and/or are involved in the determination of cell fate in a TJ-independent manner. Furthermore, SSC transplantation experiments showed that the microinjected donor SSCs in the lumen of seminiferous tubules migrated to the basal compartment through the BTB, colonized in the germline niche of recipient testis, and restarted spermatogenesis [32] . Interestingly, in this transplantation, Cldn3 suppression in SSCs caused a reduction in their ability to migrate into germline niches through the BTB [16] . Although the direction of cell migration across the BTB differed between the transplanted SSCs and the endogenous spermatocytes, these findings strongly support the notion that CLDN3 regulates germ cell migration across the BTB during spermatogenesis. Importantly, similar to our findings on CLDN3, CLDN5 expression was reported in Sertoli cells, spermatogonia, and preleptotene spermatocytes in the tubules at stage VIII [14] . On the basis of these findings, we propose that CLDN3 and CLDN5 jointly mediate germ cell migration by regulating the intercellular interaction between Sertoli cells and spermatocytes through homotypic or heterotypic adhesion 
Inhibition of Germ Cell Migration Across the BTB in Cldn3 Knockdown Testes
To accomplish the spermatocyte migration across the BTB during stages VIII-IX, new TJ fibrils need to form at the basal side of preleptotene/leptotene spermatocytes, followed by disassembly of the TJ fibrils at the luminal side of these spermatocytes [8, 9, 12] . However, in the present study, although the permeability barrier function of the BTB was preserved even after Cldn3 RNAi treatment, the TJ fibrils were localized to the luminal side of stratified DMC1-positive leptotene or zygotene spermatocytes in the tubules at stage X. This observation indicates that the spermatocyte migration across the BTB might be partially prevented by the Cldn3 knockdown and not accomplished until after stage X. However, in the tubules at stage XI in the Cldn3 RNAi testis, the TJ fibrils were detected only at the basal side of zygotene spermatocytes, indicating that the effect of Cldn3 knockdown was temporary and the spermatocytes could migrate through the BTB by stage XI. Although these results might reflect the temporal efficiency of Cldn3 knockdown due to the characteristics of siRNA, some complementary mechanisms could also promote spermatocyte migration after Cldn3 knockdown.
Disordered Spermatogenesis in the Testes of Cldn3 Knockdown Mice
The results of the Cldn3 RNAi experiments showed an aberrant increase of STRA8-positive (preleptotene or early leptotene) spermatocytes in the tubules at stage IX. Furthermore, spermatocytes incorporating BrdU were detected in the stage IX tubules in the Cldn3 RNAi testis at 2 h after BrdU injection, which was consistent with the results of STRA8 localization after Cldn3 RNAi treatment. A schematic of disordered spermatogenesis observed in Cldn3 knockdown mice is shown in Figure 8 . Seventy-two hours after BrdU injection, BrdU-labeled spermatocytes were frequently observed in the tubules at stage I in Cldn3 RNAi testes. Spermatogenesis progresses from stage IX to stage I in a span of 72 h [33] . Therefore, the present results strongly indicated a prolonged preleptotene phase until at least stage IX in the Cldn3 knockdown testis. Because the CLDN3-positive signals disappeared in the GATA1-positive tubules, indicating stages VII-IX, the effect of Cldn3 RNAi might be caused by the Cldn3 knockdown not only in spermatocytes but also in Sertoli cells. STRA8 is a marker for preleptotene and early leptotene spermatocytes in males, because it is required for meiotic initiation in both sexes and its expression is restricted to premeiotic germ cells [34, 35] . Furthermore, in males, antiMüllerian hormone (AMH) is expressed at high levels only in fetal Sertoli cells [36] . To clarify the direct role of CLDN3 in the maintenance of normal spermatogenesis, generation of conditional knockout mice for preleptotene/leptotene spermatocyte-or Sertoli cell-specific Cldn3 using Stra8 or Amh gene promoters, respectively, would be useful.
To our knowledge, there has been no report that Cldn3 ablation directly causes abnormal spermatogenesis. Therefore, the present study is the first to show that the delay in spermatogenesis is caused by Cldn3 knockdown in testis. The delayed spermatogenesis in Cldn3 knockdown testes might be due to the effect of Cldn3 knockdown on the cell cycle of germ cells. Briefly, it is possible that the persistence of preleptotene spermatocytes through stage IX in Cldn3 knockdown testes reflected a failure in the cell-cycle progression from the premeiotic S phase into the G 2 phase of the leptotene spermatocytes. Indeed, Cldn11-null testes contain Sertoli cells that continue to proliferate in adulthood, representing a defect in cell-cycle arrest [37] . Furthermore, recent reports have found that some signaling factors downstream of TJs regulate cyclin D1 gene expression and protein stability [38] . Thus, multiple claudins might regulate cell-cycle progression in testes.
In a normal fertile male, the spermatogenic cycle is strictly regulated to produce sperm continuously. Furthermore, to complete the spermatogenesis, germ cells progressively migrate across the entire length of the seminiferous epithelium until they are released into the tubular lumen at stage VIII [39] . In the present study, our results suggest that the stage-specific expression of CLDN3 regulates the meiotic progression by promoting germ cell migration from the basal to the adluminal compartment through the BTB. CLDN3 on the surface of germ cells might act like a ''key'' that disrupts the ''gate'' formed by claudin interactions between Sertoli cell membranes by competitive inhibition. Reduction of CLDN3 by RNAi might slow the kinetics of this process, delaying the germ cells entering the intermediate compartment where they receive factors that promote their further differentiation. Alternatively, the presence of CLDN3 on the surface of preleptotene spermatocytes might function as a maturation signal for Sertoli cells to secrete necessary factors to the intermediate compartment for their transition from preleptotene to leptotene spermatocytes. In the absence of CLDN3, the Sertoli cells might delay secretion of these factors until stage IX.
We propose that the cyclical expression and localization of CLDN3 during spermatogenesis is mainly regulated by sex hormones. Notably, knockout of a Sertoli cell-specific androgen receptor (Ar) causes spermatogenic arrest in meiosis associated with a significant reduction in spermatocytes and Cldn3 downregulation in testes [17, 40] . Furthermore, in rodents, the highest AR expression is observed during stages VI-VII, before the germ cell migration across the BTB [41] . Additionally, in the seasonal breeding adult Djungarian hamster, gonadotropin suppression by short-photoperiod treatment caused disordered localization of CLDN3 protein in the seminiferous epithelium, whereas Cldn3 mRNA level was significantly increased [42] . All these reports indicate the crucial roles of sex hormones in the regulation of CLDN3 expression and localization in the testis.
In conclusion, we showed that CLDN3 is expressed in preleptotene/leptotene spermatocytes preparing for migration across the BTB. Furthermore, our results suggest that temporary expression of CLDN3 during spermatogenesis regulates the progression of meiosis by promoting germ cell migration across the BTB. These findings may provide new insights regarding the unidentified function of the BTB in spermatogenesis.
